and median age in the AVM (ABT: 51.4 vs. non-ABT: 35.4, p < 0.001) cohorts. In both populations, OS and intracranial efficacy (rBM-local control; AVM-obliteration rates) were statistically similar between the cohorts. ABT was associated with lower 1-year SRN rates in both populations: rBM, 3.1 versus 25.3% (p = 0.003); AVM, 6.7 vs. 14.6% (p = 0.063). On multivariate analysis, ABT was a significant predictive factor for rBM (HR: 0.17; 95% CI 0.03-0.88, p = 0.035), but did not reach statistical significance for AVM (HR: 0.36; 95% CI 0.09-1.52, p = 0.165). ABT use appears to be associated with a reduced risk of SRN following SRS, without detriment to OS or intracranial efficacy. A prospective trial to validate these findings is warranted.
Introduction
Stereotactic radiosurgery (SRS) is a technique that delivers higher focal doses of radiation, while minimizing dose to healthy tissue [1, 2] . With increasing lesion size, however, the volume and dose of radiation to the surrounding normal brain escalates. Several months to years after SRS treatment, the irradiated adjacent brain tissue may elicit an inflammatory response, characterized by the development of necrotic tissue, edema and neurologic symptoms secondary to mass effect [3] . This late adverse event, known as radiation necrosis (RN), is one of the main dose-limiting toxicities associated with SRS and prevents further dose escalation for large lesions that have lower rates of local control [4, 5] .
For the majority of patients, treatment with steroids (dexamethasone) is effective in curtailing the symptoms of Abstract Preclinical evidence suggests angiotensin blockade therapy (ABT) decreases late radiation toxicities. This study aims to investigate the association between ABT and symptomatic radiation necrosis (SRN) following stereotactic radiosurgery (SRS). Resected brain metastases (rBM) and arteriovenous malformation (AVM) patients treated with SRS from 2002 to 2015 were identified. Patients in the ABT cohort were on therapy during SRS and at 1-month follow up. Kaplan Meier method and cumulative incidence model were used to analyze overall survival (OS) and intracranial outcomes. 228 consecutive patients were treated with SRS: 111 with rBM and 117 with AVM. Overall, 51 (22.4%) patients were in the ABT group: 32 (28.8%) in the rBM and 19 (16.2%) in AVM cohorts. Baseline characteristics were similar, except for higher Graded Prognostic Analysis (3) (4) in the rBM (ABT: 25.0% vs. non-ABT: 49.0%, p = 0.033) RN; however, steroid use has been associated with significant side effects including increased risk of opportunistic infection, worsening hyperglycemia, gastritis, Cushingnoid appearance, central obesity and even psychosis [6] . These limitations call for the identification of other, safer agents to help prevent or treat symptomatic radiation necrosis.
The renin angiotensin system (RAS) is a cascade of enzymes and peptides well known in the regulation of blood pressure. Angiotensin converting enzyme (ACE) converts angiotensin I to angiotensin II; angiotensin II then binds to and activates the angiotensin receptors, signaling a downstream cascade of vascular changes [7] . Emerging evidence suggests that angiotensin receptors are associated with various physiological processes including angiogenesis, oxidative stress, inflammation and cognition [8, 9] . Moreover, recent studies have shown the ability of angiotensin receptor activation to regulate vascular endothelial growth factor (VEGF) and transforming growth factor receptor beta (TGFB) expression, which are central to the pathogenesis of radiation toxicities [10, 11] . Given the potential effect of angiotensin on vascular inflammation, fibrosis, and remodeling, the aim of this study is to investigate whether angiotensin system blockade is associated with reduced rates of symptomatic radiation necrosis (SRN).
Materials and methods

Patient selection
After obtaining Institutional Review Board approval, we retrospectively reviewed records of patients with resected brain metastases (rBM) treated with post-operative SRS from 2005 to 2015 as well as patients with arteriovenous malformation (AVM) treated with SRS from 2002 to 2015. Inclusion criteria for the cohorts was as follows: patients were assigned to the angiotensin blockade therapy (ABT) group if they were on either an ACE inhibitor (ACEi) or angiotensin receptor blocker (ARB) at least 1-month before and after SRS. Patients who did not receive either an ACEi or ARB at any time, ACEi/ARB less than 1 month before SRS, or ACEi/ARB more than 1 month after SRS were assigned to the non-ABT cohort. Exclusion criteria included receipt of prior whole brain radiation therapy, rBM from radiosensitive malignancies (e.g. small cell, germ cell, and lymphoma), and AVM patients with prior SRS or staged SRS (i.e. treatment delivered approximately within 6 months apart).
All patient charts were reviewed for the following baseline characteristics at the time of initial SRS: age, sex, and Eastern Cooperative Group Oncology performance status (ECOG PS). For rBM patients, presence of active systemic disease, and Graded Performance Assessment (GPA) score was recorded. For AVM patients, Spetlzer-Martin grade, Virginia Radiosurgery AVM Score [12] , prior non-SRS treatments (i.e. embolization and or surgery), and prior rupture were recorded. For all patients, radiation treatment parameters were recorded, including the gross tumor (GTV) volume, planning target volume (PTV) margin, total dose, number of fractions and dose per fraction.
Radiation treatment
SRS was performed using a linear accelerator with 6 MV photon energies as previously described [13, 14] . For the post-operative SRS management of rBM, patients underwent high-resolution treatment planning magnetic resonance imaging (MRI) scan with and without contrast immediately before or following CT simulation. The T1 post-contrast MRI sequence encompassing the resection cavity as well as any enhancing tumor defined lesion constituted the GTV. No margin was utilized to create a clinical target volume. The GTV was expanded by 1-2.5 mm to generate the PTV based on treating physician preference and determined by resection cavity characteristics. Patients with large rBM cavities (typically > 40 mm in diameter) were treated with fractionated radiosurgery over 3-5 fractions using a frameless radiosurgery technique.
Similarly, patients with AVMs initially underwent placement of an imaging-compatible stereotactic head frame after administration of a local anesthetic supplemented by intravenous sedation. High-resolution axial plane MR imaging coupled with biplane stereotactic angiography was performed for dose planning. The GTV consisted of the entire AVM nidus volume, defined as the shunt between the afferent arteries and the draining veins. For AVM, no margin was added when expanding from the GTV to the PTV.
Follow-up
Follow-up of rBM patients consisted of history, clinical examination and brain MRI at 1 month after initial SRS, and then at 3 months intervals thereafter unless clinically indicated at an earlier time point. Local recurrence (LR) was defined as the presence of new progressive nodular enhancement within the prior 80% iso-dose line of the prior SRS treatment. Radiographic radiation necrosis (RN) was defined as development of a contrast-enhancing mass within prior SRS fields [15] ; if there was a question of the nodular enhancement representing LR versus RN, cases were discussed at a multi-disciplinary tumor board to develop a consensus. Additional functional imaging was also obtained (e.g. MR perfusion, MR spectroscopy, or brain positron emission tomography [PET]) to further aid evaluation. For patients who were symptomatic, steroids were initially used. In patients with continued symptoms, hyperbaric oxygen and/or bevacizumab were 1 3 also considered, while surgery was reserved for refractory patients and/or where the diagnosis remained unclear. Patients who underwent salvage surgical resection and found on pathology to have any residual disease were deemed to have a LR; patients with only necrosis (and no residual disease) were considered to have RN.
Patients with AVMs were also followed with a history, physical examination, and brain MRI at 6 weeks posttreatment, then every 6 months for 3 years, then annually. If MRI findings were suggestive of complete AVM obliteration, cerebral angiography was performed for confirmation. Complete AVM obliteration established on angiography was defined as the disappearance of the AVM shunt lying between feeding arteries and draining veins (the nidus) and the absence of early venous drainage. At any time when a new neurological symptom or sign developed, the patient underwent CT and/or MR for further evaluation.
Statistical analysis
The ABT and non-ABT groups were compared across categorical covariates using chi-squared tests or Fisher's Exact tests, where appropriate, and were compared across continuous variables using ANOVA. For overall survival (OS), death from any cause was defined as the event, and patients were censored at time of last follow-up. OS for all patients, and radiographic obliteration rates & SRN for AVM patients, were estimated by the Kaplan-Meier product-limit method; the log-rank test was used to assess for differences between patients treated with ABT and non-ABT cohort. A univariate analysis (UVA) and multivariate analysis (MVA) was performed using the Cox proportional hazards model.
For rBM patients, LR, RN, and SRN were estimated using cumulative incidence methodology, with death without the event considered a competing risk. For patients with rBM who had additional intact lesions, these intact lesions were also included in the lesion-level (i.e. LR and RN) statistical analysis. For these intracranial outcomes, patients were censored at time of last brain imaging. Cumulative incidence curves for each non-survival outcome were compared between groups with death as a competing risk using Gray's test for equality across groups [16] . Univariate and MVA regression analyses using the semiparametric proportional hazards model in the presence of competing risks were performed, as proposed by Fine and Gray [16] . All potentially prognostic covariates which were statistically significant in the univariate analysis were entered into the MVA model. All statistical tests were 2-sided, with p-values < 0.05 considered statistically significant. Statistical analysis was carried out using SAS version 9.4.0 statistical software (SAS Institute Inc., Cary, NC).
Results
Baseline clinical and dosimetric characteristics
Resected brain metastases
One hundred and eleven patients with rBM were identified. Thirty-two (28.8%) patients were found to be on ABT at the time of post-operative SRS and again at follow up 1-month later. These 111 patients had 156 lesions: 115 were resection cavities and 41 were intact lesions; 45 (28.8%) of the lesions were in the ABT group. Table 1 shows the rBM cohorts had similar baseline patient characteristics except that the ABT group had a lower percentage of patients with GPA 3.0-4.0 (25.0 vs. 49.4%, p = 0.033). No differences were seen in lesion-level characteristics between the two cohorts ( Table 1) . Median imaging follow-up for the rBM patients was statistically similar for the ABT and non-ABT cohorts, 8.7 and 13.9 months, respectively. Median single fraction dose for rBM was 18.0 Gy (range 15-21.0 Gy); for patients undergoing hypofractionated radiosurgery, the most common regimen used was 30 Gy in five fractions.
AVM
Nineteen (16.2%) of the 117 patients undergoing SRS ablation for AVM met criteria for the ABT group. The patients had statistically similar baseline and dosimetric characteristics (Table 2 ) except for 1 factor, age: the ABT cohort was older than non-ABT cohort (51.5 vs. 38.4 years, p < 0.001). Median imaging follow-up for the AVM patients was statistically similar for the ABT and non-ABT cohorts, 24.8 and 20.9 months, respectively.
Overall survival
No OS difference was seen between ABT and non-ABT cohorts in either population (Fig. 1a, b) . For rBM patients, median survival for the ABT cohort was 11.6 months and for the non-ABT cohort was 15.3 months. For AVM patients, median survival was not reached for both cohorts. ABT was not a significant factor on UVA or MVA in both populations.
Local intracranial efficacy
Resected brain metastases
There was no difference in the cumulative incidence of LR (Fig. 2a) for the ABT and non-ABT cohorts at 1 year (15.6 vs. 9.0%, p = 0.31). Median time to LR was 8.1 vs. 7.1 months between the two cohorts. ABT was not a significant predictor of LR on UVA or MVA. Multiple predictors for LR were identified on UVA including ECOG status, Figure 2b demonstrates that the probability of obliteration was similar between the ABT and non-ABT cohorts: 1-year − 10.8 versus 2.4%; 2-year − 25.7 versus 16.9%. ABT was not a significant predictor for obliteration on both UVA and MVA. Ruptured AVM lesion and GTV ≤ 4 were significant on UVA, but neither was significant on MVA.
AVM
Radiation necrosis
Resected brain metastases
In Of the 46 patients, 29 (70.7%) were symptomatic: 2 (6.9%) in the ABT cohort and 27 (93.1%) in the non-ABT cohort. 20 (69.0%) of the symptomatic patients were treated with steroids only; 9 (31.0%) patients-all in the non-ABT cohort-developed SRN refractory to medical management, with 5 treated with surgical intervention, 3 treated with bevacizumab, and 1 treated with hyperbaric oxygen. One-year rates of SRN were significantly lower in the ABT cohort, 3.1 versus 25.3% (p = 0.003) (Fig. 3a) . UVA showed ABT (HR: 0.15; 95% CI 0.04-0.64, p = 0.10) to be significant for SRN. Lung cancer histology and active systemic disease were also significant. On MVA analyses, ABT predicted for lower risk of SRN (HR: 0.17; 95% CI 0.03-0.88, p = 0.035), while the other factors no longer remained significant. Table 3 illustrates the factors identified on MVA for SRN for the rBM cohort.
AVM 44 (37.6%) patients in the AVM group developed radiographic RN. 1-year risk of RN was lower in the ABT cohort, 6.7% versus 14.6% (p = 0.063). Significant predictors for RN on UVA included age, Speltzer-Martin grade, and GTV volume. ABT use showed a trend towards significance on UVA (p = 0.063). No factors were found to be significant on MVA.
Of the 44 patients with RN, 38 (86.4%) developed symptoms. All of these patients were treated with steroids and surgical intervention was not needed. Bevacizumab was utilized in 4 patients, while no patients were prescribed hyperbaric oxygen. There was a trend towards lower rates of SRN in the ABT cohort at 1 year, 6.7 versus 14.6% (p = 0.063) (Fig. 3b) . Age > 40, Spetlzer-Martin Grade, and GTV volume were significant on UVA. ABT showed a trend towards significance (HR: 0.28; 95% CI 0.07-1.17, p = 0.063). On MVA, GTV volume (HR: 1.07; 95% CI 1.01-1.14, p = 0.029) remained significant for a higher probability of SRN, while ABT use did not reach statistical significance (HR: 0.36; 95% CI 0.09-1.52, p = 0.165).
Discussion
Historically, patients with rBM have been treated with whole brain radiation therapy (WBRT) [17, 18] ; however, due to results showing worse neurocognitive decline and quality of life following WBRT, clinicians have begun to turns towards post-operative SRS [13, 19, 20] . Postoperative SRS is not without its limitations, with a main dose-limiting toxicity being SRN. As patients with brain metastases begin to live longer, partly due to improvements in systemic therapy including targeted agents [21] and immunotherapy [2] , they are at increased risk for developing late adverse events. For AVM patients, two recent prospective trials demonstrated that treatment for unruptured AVMs decrease OS [22, 23] at early followup; SRS is now commonly eschewed given the inferior survival and risk of SRN. Methods to decrease the risk of SRN and improve the therapeutic ratio for SRS are clearly needed for these two populations.
In this study, we demonstrate that being on ABT during and at least 1 month after post-operative SRS is associated with a lower risk of RN and SRN for rBM. Because the diagnosis of SRN is challenging and can only be truly confirmed with pathology, we attempted to validate our findings in a model without this limitation. AVM is a benign intracranial process; radiographic changes after SRS are not due to progression of a malignant disease and can be attributed to an adverse radiation event [3] . In our population of AVM patients treated with SRS, we found that ABT treatment was associated with a trend towards lower incidence of SRN. Given that ABT treatment was not associated with a detriment in intracranial efficacy or OS in both populations, we believe these results are encouraging.
Consistent with our findings, there is a growing body of clinical literature that suggests ABT is associated with lower risks of late radiation effects. Recently, the NRG Oncology Radiation Therapy Oncology Group (RTOG) 0123 reported on the toxicity outcomes after randomizing stage II and III non-small cell lung cancer patients to the ACE inhibitor captopril or observation [24] . This study showed a lower rate of grade 2 radiation pneumonitis (14% vs. 23%), but was not statistically significant as a result of being underpowered due to low accrual rates. Taken this study in context with the other published, albeit retrospective studies [25] [26] [27] [28] , the correlation that ABT decreases the incidence of late radiation toxicities within multiple organ systems [24] [25] [26] [27] (gastrointestinal, lung, heart and kidney) and with different radiation regimens [28, 29] (standard [1.8-2 Gy] and high-dose, SBRT fractionation [> 5 Gy]) provides support that angiotensin may be part of a central targetable pathway critical in the development of late radiation effect.
Support for this hypothesis also comes from pre-clinical studies demonstrating that oxidative damage, from both cardiac etiologies [30] and radiation therapy [31] , dysregulates the ACE/angiotensin pathway, leading to elevated levels of TGFB and VEGF, molecules essential to the pathogenesis of fibrosis and poor organ function; ABT is able to modulate these pathways and lead to decrease late side effects in vivo [32] . Overall, these pre-clinical and clinical studies provide multiple levels of support to our findings that ABT is associated with lower risk of SRN after intracranial SRS.
Inherent limitations of our study include recall and selection bias inherent due to the retrospective design of this analysis. Our study is limited by the lack of information on dose of ABT. To help partially account for variations in duration of ABT, we only included patients in the ABT cohort who were receiving ABT during and 1 month after SRS. Another key limitation is that for rBM patients, the differential diagnosis for RN includes LR; only surgical resection and histologic analysis of the specimen can provide a definitive diagnosis. With the majority of symptomatic rBM patients not undergoing surgery, it is possible patients diagnosed with SRN may in fact have local progression. To help address this, we also investigated our hypothesis in patients with AVM, a population where this bias does not exist. Finally, while ABT treatment predicted for lower risk of SRN in the rBM cohort (p = 0.035), it did not reach statistical significance in the AVM cohort (p = 0.165). This is likely in part due to less power: 28.8% of rBM were on ABT while only 16.2% of AVM patients were on ABT.
In conclusion, incidental ABT use concurrent with SRS is associated with a statistically significant decreased risk of SRN in patients with rBM and demonstrates a trend of decreased risk in AVM. In addition, the use of ABT during and 1 month after SRS did not negatively impact OS or intracranial efficacy. These retrospective findings warrant further investigation in a prospective, randomized fashion. In the interim, we recommend discussing the risks and benefits of ABT (both ACEi and ARB)-FDA approved, extremely economical, and well-tolerated drugs-with patients who are at high risk for SRN and have a concomitant history of HTN in order to possibly add or switch ABT to his or her medication regimen.
